Increased mutability and decreased repairability of a three-lesion clustered DNA-damaged site comprised of an AP site and bi-stranded 8-oxoG lesions
Introduction
Th e spatial distribution of damage on DNA is responsible, in part, for the detrimental eff ects of ionizing radiation. Unlike damage resulting from oxygen metabolism and other DNA oxidizing agents (e.g., hydrogen peroxide), a percentage of the ionizing radiation damage formed is present in clusters on the DNA molecule. Th e clusters of damage, defi ned as two or more lesions within one to two helical turns of DNA induced by passage of a single radiation track, are formed due to the nature of the spatial distribution of ionization events along the radiation track. Low linear energy transfer (LET) radiation, such as X-rays and γ -radiation, deposits energy in sparsely ionizing radiation tracks. In contrast, high LET radiation tracks, such as those resulting from α -radiation, are densely ionizing and as a consequence several ionizing events may occur within a few nanometres, resulting in the DNA molecule being ' hit ' several times within a small volume, typically within one to two helical turns, resulting in clusters of DNA lesions. As the LET of the irradiation increases and so the density of ionizing events increase, the yield and complexity of clustered damage increases, as predicted from biophysical and chemical modelling (Ward 1988 , Goodhead 1994 . Double-strand breaks (DSB), thought to be the most harmful DNA damage as they can lead to chromosomal aberrations and cell death, are the most studied type of cluster damage (a cluster composed of two single-strand breaks [SSB] ). However non-DSB clustered damage is also induced by ionizing radiation in yields 4 -8 times greater than that of DSB in mammalian cells (Gulston et al. 2002 , Sutherland et al. 2002 . Th e chemical nature of the individual lesions that make up non-DSB clustered damage sites are the same as those induced endogenously and by other DNA oxidizing agents such as SSB, abasic (AP) sites and base lesions. Th ese lesions tend to be processed by the base excision repair (BER)/single-strand break repair (SSBR) machinery.
Since low LET ionizing radiation-induced DNA damage sites are randomly distributed, it is diffi cult to study the repair of specifi c lesions or clusters within DNA in mammalian cells with the exception of SSB or DSB. Synthetic oligonucleotides containing site-specifi c lesions together with purifi ed proteins or cell extracts have established that processing of bi-stranded lesions within clustered DNA damaged sites is compromised when compared to the processing of the same Processing of a three-lesion cluster 469 lesions when formed in isolation (reviewed in Eccles et al. 2011) . To date, these biochemical studies have concentrated on two-lesion clusters although some recent studies have investigated three-and fi ve-lesion clusters (Eot-Houllier et al. 2005 , Eccles et al. 2010 .
Th e processing of the lesions within the cluster is hierarchical, thus limiting the formation of DSB (Lomax et al. 2004a , Eot-Houllier et al. 2005 , Eccles et al. 2010 ). However, two opposing lesions that can be rapidly cleaved to form a SSB, such as AP sites and 5-hydroxyuracil (hU) do lead to the formation of DSB (Chaudhry and Weinfeld 1997 , Lomax et al. 2004b , Paap et al. 2008 , Eccles et al. 2010 , Sedletska et al. 2013 . Th e effi ciency of repair of clustered damaged sites depends on the number and types of lesions within the cluster, the distance between the lesions and the orientation of the lesions to each other. In general, AP sites and SSB confer retardation on the excision of base lesions and are repaired fi rst (David-Cordonnier et al. 2000 , Lomax et al. 2004a ) although base lesions also impair the effi ciency of repair of SSB (Lomax et al. 2004a , Eot-Houllier et al. 2005 . In addition, the excision of base lesions follows a hierarchy with, hU, 5,6-dihydrothymine (DHT) and thymine glycol being excised initially in a cluster containing 8-oxo-7,8-dihydroguanine (8-oxoG) and 5-formyluracil (fU) (EotHoullier et al. 2005 , Shikazono et al. 2006 , Bellon et al. 2009 .
Since the repair effi ciency of DNA clustered damaged sites is reduced, the lifetime of the lesions within the cluster is extended and thus there is an increased chance of the lesions being present at replication. Studies in Escherichia coli and mammalian cells have shown that the mutagenic potential of DNA lesions within clustered sites is greater than that of the same lesions present in isolation (Malyarchuk et al. 2004 , Pearson et al. 2004 , Bellon et al. 2009 . Th e mutation frequency of 8-oxoG in a bi-stranded cluster with uracil (which is rapidly converted to an AP site then to a SSB in vivo ) is up to eight times greater than that of an isolated 8-oxoG in E. coli (Pearson et al. 2004) . Some clusters containing bi-stranded uracils are processed to form DSB in vivo , seen as a reduced transformation effi ciency of E. coli (D ' Souza and Harrison 2003 , Harrison et al. 2006 , Eccles et al. 2010 ). In addition, two bi-stranded furans are converted into a DSB in mammalian cells together with deletions and mutations due to inaccurate repair (Malyarchuk et al. 2008) .
8-oxoG is one of the most common lesions induced in cells by ionizing radiation and oxidative stress (Pouget et al. 2002) . It can exist in two forms; the ' anti ' form base pairs with cytosine (Oda et al. 1991) and the ' syn ' form mis-pairs with adenine (Kouchakdjian et al. 1991) . Th ere are glycosylases that can remove both the 8-oxoG lesion and the adenine mis-paired with 8-oxoG (Michaels et al. 1992) ; however, the fact that 8-oxoG can mis-pair with adenine makes it a highly mutagenic lesion, giving rise to G:C to T:A transversions (Cheng et al. 1992) . AP sites can be induced directly by ionizing radiation (Regulus et al. 2007) and are also an intermediate of the BER pathway (Boiteux and Guillet 2004) . As they are non-coding they are mutagenic, often base pairing with adenine (Boiteux and Guillet 2004) , and can also block replicative DNA polymerases (Boiteux and Guillet 2004) .
We have previously shown (Eccles et al. 2010 ) that processing of three-lesion clusters containing two bi-stranded AP sites and an 8-oxoG site tends to induce DSB in vitro and in vivo . Additionally, we have shown that an AP site within 5 bases of 8-oxoG on the same strand can compromise repair of the lesions (Cunniff e et al. 2007 ). As few studies have investigated the processing of three-lesion clusters, we wanted to know whether the hierarchy of processing of these clusters is similar to that predicted from bi-stranded two-lesion clusters. We have used a three-lesion clustered-damaged site containing two bi-stranded 8-oxoG lesions with an AP site on the same strand (in tandem) as one of the 8-oxoG lesions. Using in vitro base excision repair assays and a plasmid based mutation assay using E. coli , the fi ndings are consistent with the hierarchy of repair being similar to that predicted from previous knowledge derived from bi-stranded two-lesion clusters.
Materials and methods

Oligonucleotides
Forty base single-stranded oligonucleotides were purchased from Eurogentec (Seraing, Belgium), polyacrylamide gel electrophoresis (PAGE) purifi ed. Th e lyophilized pellets were resuspended in Tris/ethylenediaminetetra acetic acid (TE) pH 8.0 (10 mM Tris, 1 mM ethylenediaminetetra acetic acid [EDTA] ) to 1 mg/ml and aliquots were stored at Ϫ 20 ° C. Th e double-stranded oligonucleotide sequences containing two 8-oxoG lesions and a uracil (precursor to an AP site) are shown in Table I . A previous similar study by our group showed that the effi ciency of rejoining of a SSB resulting from the incision of an AP site is independent of the sequence context of the oligonucleotides (Lomax et al. 2004a ).
Preparation of 5 ' labelled double-stranded substrates
A total of 0.2 μ g of uracil containing oligonucleotides were 5 ′ end labelled with 32 P, by incubating at 37 ° C for 30 min with 10 U T4 polynucleotide kinase (Invitrogen, Paisley, UK), 15 μ Ci of [ γ -32 P] adenosine triphosphate (ATP) (6000 Ci/mmol, 10 mCi/ml, Perkin Elmer, Waltham, MA, USA), in 20 μ l of buff er (70 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 100 mM KCl, 1 mM 2-mercaptoethanol). Th e labelled oligonucleotide was purifi ed using an illustra MicroSpin ™ G-50 column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) following manufacturer ' s instructions. Th e purifi ed labelled oligonucleotides were hybridized to their complementary oligonucleotide by mixing with a 2-fold excess of complementary oligonucleotide, incubating at 95 ° C for 10 min and leaving to cool, slowly, to room temperature over 2 -3 h. Hybridization was verifi ed by running an aliquot of the double-stranded oligonucleotide alongside a singlestranded control on a 12% native polyacrylamide mini gel in 1 ϫ Tris/borate/EDTA (TBE) buff er (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA pH 8.3) at 120 V for 1 h 15 min.
To convert the uracil residues to AP sites, hybridized oligonucleotides were incubated with 2 U of uracil DNA glycosalyase (UDG) (Invitrogen) in 10 μ l of buff er (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) at 37 ° C for 30 min. Complete AP site conversion was verifi ed by treating an aliquot of the UDG-treated oligonucleotide with 10 ng of purifi ed human AP endonuclease 1 (APE1) in 5 μ l buff er (20 mM 4-(2-hydroxyethyl)1-1-piperazineethanesulphonic acid (HEPES) pH 7.9, 100 mM KCl, 0.2 mM EDTA 1 mM MgCl 2 ) at 37 ° C for 30 min. Th e oligonucleotides were subjected to electrophoresis on a 12% denaturing polyacrylamide mini gel (8 M urea) in 1 ϫ TBE at 300 V for 30 min. Th e activity of the oligonucleotides was measured in a scintillation counter and diluted to 10 000 counts per minute (cpm)/ μ l with TE pH 8.0.
Preparation of CHO-K1 nuclear extract
Th e nuclear extracts were prepared as previously described (David-Cordonnier et al. 2001a ) from the hamster cell line, CHO-K1 cells. Briefl y, the cells were grown in exponential phase in Hams F-12 media (Sigma Aldrich, Gillingham, Kent, UK) supplemented with 10% foetal bovine serum (FBS) (Mycoplex, PAA Laboratories, Teddington, Middlesex, UK), 100 U/ml penicillin (Gibco BRL, Gaithersburg, Maryland, USA) and 100 mg/ml streptomycin (Gibco BRL). Th e cells were harvested and the pelleted cells were resuspended in an equal volume of buff er (10 mM HEPES pH 7.9, 100 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol [DTT] ) and incubated on ice for 15 min. Th e cytoplasmic membranes were broken down by drawing the cell suspension into a 0.5 μ m diameter needle 10 times. Following a 20 s centrifugation at 12,000 g , 4 ° C, the supernatant was removed and the nuclear pellet was resuspended in 2/3 volume high salt buff er (20 mM HEPES pH7.9, 420 mM NaCl, 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM phenylmethanesulfonylfl uoride [PMSF] ) and incubated for 30 min with agitation, on ice. Following centrifugation for 10 min at 12,000 g , 4 ° C, the supernatant was dialysed twice over a total period of 16 h against 1 l of buff er (20 mM HEPES pH7.9, 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, 0.5 mM PMSF). Th e protein concentration was determined using the Bradford colourimetric technique (Bio-Rad, Hercules, CA, USA) and aliquots were stored at Ϫ 80 ° C.
In vitro BER repair assays using nuclear extract
Th e double-stranded oligonucleotides (10,000 cpm/ μ l, 16 fmol) were incubated with 0.5 μ g CHO-K1 nuclear extract (as determined by the Bradford colourimetric technique) in 5 μ l repair buff er (70 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 10 mM DTT, 4 mM ATP, 40 mM phosphocreatine, 1.6 μ g/ml phosphocreatine kinase, 0.4 mM deoxynucleotide (dNTP) and incubated at 37 ° C for 0, 1, 5, 15, 30, and 60 min. Th e concentration of extract was optimized from titration studies (data not shown). To stop the reactions 10 μ l denaturing stop solution (98% formamide, 2 mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol) was added. Th e samples were then subjected to electrophoresis on a 15% denaturing polyacrylamide gel containing 8 M urea in 1 ϫ TBE (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA pH 8.3) for 90 min at a constant power of 85 W. Th e dried gel was exposed to a Bio-Rad PhosphorImager screen (Bio-Rad, Molecular Imager FX) for visualization of repair products and quantifi ed with Quantity One software (Bio-Rad). When following the time dependence of the repair of the AP site, the intensity of the bands representing the single-stranded DNA with base(s) added (before ligation) and ligated DNA (ligation of the SSB following addition of the missing base) are expressed as a percentage of the total intensities for all bands.
To determine if DSB had been formed, the in vitro repair reactions were stopped by adding 2 μ l native loading dye (40% sucrose, 5 mM EDTA, 0.025% bromophenol, 0.025% xylene cyanol) and subjected to electrophoresis on a 15% native polyacrylamide gel in 1 ϫ TBE, at a constant voltage of 300 V, for 3 h and the dried gel was analyzed using phosphorimaging technology as above.
In vitro BER repair assays using purifi ed proteins
Th e double-stranded oligonucleotides (10,000 cpm/ μ l, 16 fmol) were incubated with the following BER proteins, depending on the experiment, in a 10 μ l reaction solution (80 mM HEPES pH 7.9, 10 mM MgCl 2 , 2 mM DTT, 200 μ M EDTA, 4 mM ATP, 800 μ g/ml bovive serum albumin (BSA), 160 μ M dNTP) at 37 ° C for 0, 1, 5, 15 and 30 min. All proteins were the human homologues of the proteins. Proteins used 
Y , uracil (can be converted to an AP site as described in Materials and methods ); Ϫ 1, Ϫ 2, Ϫ 3, position of 8-oxoG 3 ′ from uracil either on the same strand or on the complementary strand; ϩ 1, ϩ 2, ϩ 3, position of 8-oxoG 5 ′ from uracil either on the same strand or on the complementary strand.
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Qiaquick gel purifi cation system (Qiagen, Hilden, Germany) and the concentration determined spectrophotometrically. Phosphorylated double-stranded oligonucleotide (5 pmol) was ligated into 200 fmol linearized pUC18 DNA with 400 U T4 ligase (New England Biolabs) in 20 μ l buff er (50 mM Tris-HCl pH 7.5, 10 mM M g Cl 2 , 10 mM DTT, 1 mM ATP, 25 μ g/ml BSA) for 16 h at 16 ° C, followed by dialysis using 0.025 μ m nitrocellulose fi lters (Merck Millipore, Billerica, MA, USA) . 50 ng of the ligation product was transformed into 60 μ l electro-competent bacteria using a Bio-Rad E. coli pulser set at 1.8 mV. Transformants were selected on Luria Bertani (LB) broth agar plates containing 100 μ g/ml ampicillin for 16 h at 37 ° C. Single bacterial colonies were picked at random, transferred to a well of a 96-well plate containing LB agar with 100 μ g ampicillin and incubated for 16 h at 37 ° C. Th e plasmid within the colonies was sequenced by Source BioScience LifeSciences (Nottingham, UK) using primer, 5 ′ -CTTCGCTATT ACGCCAGCTG-3 ' . Th e primers amplify sequence across the site of damage in the cloned oligonucleotide. Th e sequencing data was analyzed using FinchTV software.
Results
In vitro repair of an AP site when in a three-lesion cluster with bi-stranded 8-oxoG lesions Figure 1 shows the repair of an AP site when it is in a cluster with bi-stranded 8-oxoG lesions (see Table I for relative were: 0.5 ng APE1, 2 ng polymerase β , 4 ng fl ap endonuclease 1 (FEN1), 10 ng ligase 1, 3 ng oxogunaine glycosylase (OGG1). Th e reactions were stopped by the addition of 10 μ l denaturing stop solution (98% formamide, 2 mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol) and then subjected to electrophoresis on a 20% denaturing polyacrylamide gel containing 8 M urea in 1 ϫ TBE (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA pH 8.3) at a constant power of 85 W. Th e bands in the gel were quantifi ed as described above.
Escherichia coli strains
Isogenic strain BH990 ( fpg :: KanR mutY :: KanR ) was a kind gift from Dr S. Boiteux (CNRS, France).
Determination of mutation frequency
Th e mutation frequency arising from the clustered DNAdamaged site was determined as described previously (Pearson et al. 2004) . Briefl y, the double-stranded oligonucleotides (Table I ) were phosphorylated at their 5 ′ termini with 10 U of T4 polynucleotide kinase (Invitrogen, Paisley, UK) and 25 mM ATP in 20 μ l of buff er (70 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 100 mM KCl, 1 mM β -2-mercaptoethanol) for 30 min at 37 ° C. pUC18 plasmid DNA was linearized with SmaI followed by treatment with 20 U calf intestinal phosphatase (New England Biolabs, Ipswich, MA, USA) for 15 min at 37 ° C, followed by a second incubation for 45 min at 55 ° C. Th e plasmid DNA was then gel purifi ed using the positions of 8-oxoG and the AP site in the cluster). Th e repair of the clustered AP site is compared to the repair of an AP site in isolation. Th e effi ciency of repair of the cluster ( ϩ 2/ Ϫ 1) with the bistranded 8-oxoG lesions positioned 2 bases 5 ' on the same strand and 1 base 3 ' on the opposing strand to the AP site is similar to that of an isolated AP site ( Figure 1A) . In contrast, bi-stranded 8-oxoG lesions in any of the other positions tested ( Figures 1B, 1C) reduce the effi ciency of repair of the AP site to a greater or lesser degree. Th ere is virtually no repair of the AP site when the 8-oxoG lesions are in position ( Ϫ 2/ ϩ 1). Th e effi ciency of repair of the AP site is reduced by 3-fold and 2.3-fold, respectively, when 8-oxoG lesions are in positions ( Ϫ 2/ Ϫ 1) and ( Ϫ 2/ Ϫ 3), compared to the control ( Figure 1C ). When bi-stranded 8-oxoG lesions are positioned ( Ϫ 2/ Ϫ 1) and ( Ϫ 2/ Ϫ 3) to the AP site, the level of incision of the AP site at time zero is 50 -60% and increases to 80% within the fi rst minute, whereas in the control and in all other clusters the level of incision of the AP site is Ն 90% at time zero ( Figures 1B and 1C) . Th us the effi ciency of incision of the AP site is reduced in the AP.8-oxoG-2/8-oxoG-1 and AP.8-oxoG-2 /8-oxoG-3 clusters. Th e horizontal line in Figure 1C indicates the base line from which the repair of the AP site in these two clusters is estimated. Restoration of the full length oligomer by BER, rather than chain elongation, has been confi rmed in our previous studies (Lomax et al. 2004a , 2004b , Byrne et al. 2009 ), using dideoxy-version of dNTP that would be incorporated four bases downstream from the repair gap.
Th e phosphorimaging scan of the repair gel ( Figure 1A ) shows a reduction in the number of repair intermediates with the ( ϩ 2/ ϩ 3) cluster, refl ecting a reduction in the polymerase activity. Indeed no SSB ϩ 1 base added band (band 2, Figure 1A ) can be seen before 5 min indicating a lag in repair ( Figure 1B ) although the level of repair reaches to that of the control by 60 min. To investigate this further, in vitro repair assays were carried out using purifi ed APE1 to incise the AP site and purifi ed DNA polymerase β for repair synthesis. As Figure 2 demonstrates polymerase activity is reduced in the AP.8-oxoG ϩ 2/8-oxoG ϩ 3 cluster based on levels of SSB ϩ bases compared with that of the AP control.
In all the other three-lesion clusters tested, repair intermediates are formed with Ͼ 1 base incorporated into the repair gap ( Figures 1A and 3 ). Th us, long patch (LP) BER repair processes contribute to the repair of these clusters. Th e overall number of bases added in to the repair gap prior to ligation varies for the diff erent clusters. Th e data in Figure 3 shows the accumulation of the fi rst base (SSB ϩ 1 band) incorporated in to the repair gap ( Figure 3A and B) whereas Figures 3C -E show the accumulation of the intermediates containing 2, 3 or 5 bases for each cluster. It should be noted that the repair of an isolated AP site occurs mainly via the short patch (SP) BER pathway as demonstrated by the lack of incorporation of more than one base into the repair gap prior to ligation ( Figure 1A ). In the AP site control, the SSB ϩ 1 intermediate reaches a steady state level of ∼ 35% before decreasing as ligation occurs to give rejoined DNA rather than polymerase addition of further bases ( Figures 3A, 3B ). For example, the addition of more than one base into the gap in competition with ligation can be seen with the AP.8-oxoG ϩ 2/8-oxoG-1, AP.8-oxoG-2/8-oxoG-3, AP.8-oxoG-2/8-oxoG-1, and AP.8-oxoG-2/8-oxoG ϩ 1 clusters ( Figures 3A, 3B ) through the accumulation of additional intermediates ( Figures 3C -E) . Th is accumulation of additional intermediates indicates that SP the ligase step of repair is retarded. Th e AP.8-oxoG ϩ 2/8-oxoG ϩ 3 cluster does not accumulate SSB intermediates containing more than one base added ( Figure 3A) , presumably as the SSB ϩ 1 intermediate is ligated as soon as it is formed, refl ecting the low activity of polymerase on this cluster.
Th e contribution of SP and LP repair processes was assessed in more detail through substitution of the second dNTP with the corresponding di-dNTP, which would be incorporated as the second base. As a consequence, additional bases would not be incorporated so that ligation products could only be formed following incorporation of the fi rst base. Th us SP-BER would remain unaff ected whereas LP-BER would be inhibited. Figures 5A and 5B show that the level of DNA rejoining is not signifi cantly aff ected by the inhibition of LP-BER. Th e level of accumulation of the SSB ϩ 1 intermediate in the AP.8-oxoG ϩ 2/8-oxoG ϩ 1 and AP.oxoG-2/8-oxoG ϩ 1 clusters ( Figures 5C, 5D ) is however higher when LP-BER is inhibited, refl ecting poor rejoining of the AP site in these two clusters.
No evidence of DSB was seen during the processing of the three-lesion clusters ( Figure 4A ) when the products of the in vitro repair assay were run on native polyacrylamide gels. However a higher molecular weight band was seen in some samples ( Figure 4A ). To determine if this was due to binding of OGG1 to the 8-oxoG lesions within the cluster, BER was reconstituted with purifi ed proteins either with or without OGG1 protein. Th e mobility of the bands in the presence and absence of OGG1 are the same ( Figure 4B ), thus OGG1 binding to 8-oxoG within the clusters is not responsible for the higher mobility band seen in Figure 4A . Th e higher mobility band remains as yet unknown.
Mutagenic potential of a three-lesion cluster with bi-stranded 8-oxoG lesions and an AP site
An E. coli -based plasmid assay was used to measure the mutagenic potential of a single uracil, a single 8-oxoG and Processing of a three-lesion cluster 473 the mutations were determined by sequencing of plasmids recovered from MutY/Fpg null E. coli . Secondly, as MutY is involved in post-replicative repair, the level of mutations determined more accurately refl ect the level of clusters that have been present at replication relative to the levels of mutations for plasmids containing a single 8-oxoG.
A single uracil results in a mutation frequency (calculated by dividing the number of individual mutations found in the oligonucleotide sequence ligated in to pUC19 plasmid by the total number of oligonucleotides sequenced) of just 4.5% but only 20% (1 in 5) of the detected mutations involve the uracil residue. In contrast a single 8-oxoG lesion results in a mutation frequency of 22.6% (Figure 6 ) with over half of the mutations G:C to T:A transversions (Table II) . Th is frequency for the three-lesion clusters of a uracil and bi-stranded 8-oxoG lesions. Th e uracil residue is rapidly converted in to an AP site and then subsequently to a SSB ). Unlike our previously developed E. coli -based plasmid assay (Pearson et al. 2004 ), the oligonucleotides used in this study did not have a restriction site that could be utilized as a pre-screen for those plasmids containing a mutation; therefore, mutations could only be detected by directly sequencing plasmid DNA rescued from E. coli . To optimize detection and quantifi cation of mutations without pre-screening and knowing that the frequency of mutation is very low in wildtype E. coli but increases signifi cantly in E. coli strains deficient in the glycosylases Fpg and MutY (Pearson et al. 2004 , Shikazono et al. 2006 , Bellon et al. 2009 , Noguchi et al. 2012 , GC to TA at 8-oxoG ϩ Δ GA 2 bases 5 ′ to 8-oxoG 8-oxoG 7.4% (2/27) GC to TA at 8-oxoG ϩ Δ C 16 bases 5 ′ to 8-oxoG 8-oxoG 3.7% (1/27) GC to TA at 8-oxoG ϩ T:G transversion 6 bases 5 ′ to 8-oxoG 8-oxoG 3.7% (1/27) Δ 8-oxoG 8-oxoG 3.7% (1/27) Δ C 5 or 6 bases 3 ′ to 8-oxoG 8-oxoG 3.7% (1/27) U:C transition 8-oxoG.U 3.7% (1/27) C:A transversion 1 base 5 ′ to U 8-oxoG.U 3.7% (1/27) Insertion C 3 bases 3 ′ to 8-oxoG 8-oxoG 3.7% (1/27) U.8-oxoG-2/8-oxoG-3 29.9% (26/87) GC to TA at 8-oxoG 10 X 8-oxoG, 5 X 8-oxoG.U
63.6% (14/22)
GC to TA at 8-oxoG ϩ Δ T 7 or 8 bases 3 ′ to 8-oxoG 8-oxoG.U 4.5% (1/22) GC to TA at 8-oxoG ϩ Δ C 9 bases 5 ′ to U 8-oxoG. a Mutation frequency was calculated by dividing the number of individual mutations found in the oligonucleotide sequence ligated in to pUC19 plasmid by the total number of oligonucleotides sequences sequenced. Some plasmids contained two oligonucleotide sequences. b Th e frequency that a particular mutation occurred was calculated by dividing the number of times the mutation was seen by the total number of mutated oligonucleotide sequences. Some oligonucleotide sequences contained two individual mutations and these were counted as one incidence of a mutation. Hence the total number of mutated oligonucleotide sequences in the second and fi fth columns are not equal. a single 8-oxoG corresponds with previous determinations (Shikazono et al. 2006 , Cunniff e et al. 2007 ).
When the uracil and 8-oxoG lesions are in a three-lesion cluster, no decrease in transformation effi ciency is seen, indicating that the clusters are not signifi cantly processed to form DSB. Th e mutation frequencies of the various clusters rise to between 29 -43% (Figure 6 ), refl ecting the poor repair of the lesions within the cluster. Th e major mutation seen is a G:C to T:A transversion, accounting for 48.3 -79.2% of the mutations, depending on the cluster (Table II) . Of the remaining mutations, 5 -10% involve a mutation at an 8-oxoG lesion or a uracil residue and the remainder are small deletions (typically of one base) at sites other than the damage sites.
It was observed that the range of mutations was much broader than that seen in previous studies looking at two lesion clusters (Pearson et al. 2004 , Shikazono et al. 2006 , Cunniff e et al. 2007 , Bellon et al. 2009 , Noguchi et al. 2012 . For assessment of mutation frequency in the two-lesion clusters a pre-screen removes sequencing of any plasmids that have mutations outside of the cluster region. Th erefore, it was of interest to see how the mutation frequency would be aff ected if mutations outside of the three-lesion cluster area were excluded from analysis of the mutation frequency. Figures 6B and 6C , show that in oligonucleotides carrying the clusters, there is only an increase in mutation frequency (compared with that for single lesions) at the lesion sites, suggesting that an impairment of lesion repair results in an increase in mutation induction. Th e tendency is for the 8-oxoG on the DNA strand with a single 8-oxoG lesion to result in a greater number of mutations, than seen at the 8-oxoG/U strand (Table II) .
Discussion
Th e major fi ndings are that (i) the repair of an AP site when in a cluster with bi-stranded 8-oxoG lesions is impaired compared to that of an isolated AP site, (ii) the mutagenic potential of the three-lesion cluster is increased in E. coli compared to the component lesions, and (iii) DSB formation was not observed. From these fi ndings in E coli , it is inferred that the hierarchy of processing of these three-lesion-containing clusters is as predicted, in that attempted repair of the AP site occurs prior to cleavage of the 8-oxoG lesions, consistent with previous studies and the lack of DSB formation (Lomax et al. 2004a , Malyarchuk et al. 2004 , Pearson et al. 2004 , Eccles et al. 2010 .
From the fi ndings in Figures 1 and 3 , it is inferred that the repair of the AP site within the three-lesion cluster is retarded due to reduced effi ciencies of APE1, polymerase and ligation, although the level of reduction depends on the position of the LP-BER is inhibited. However, when this sub-pathway is inhibited, the observed AP site repair by the SP-BER pathway occurs with similar effi ciency. In in vitro repair assays, polymerase β continues to add nucleotides into the gap if left unchecked when ligase is absent in the repair reaction (data not shown). A possibility is that impairment of ligation in the clusters allows more nucleotides to be incorporated in to the repair gap by polymerase β , in competition with ligation. As a consequence of inhibition of LP-BER when polymerase β is not available, ligation by SP-BER occurs at a similar rate under these conditions.
To enhance the frequency of mutations MutY/Fpg null E. coli were used (Pearson et al. 2004) in the absence of prescreening. Th e spectrum of mutations seen is much wider than those studies looking at two-lesion clusters, probably refl ecting that all plasmids were sequenced even those that carried no mutations. Even for plasmids containing no damage, a higher mutation frequency was seen. Indeed if the mutations that involve 8-oxoG or uracil present in the clusters are removed from the calculation, then the mutation frequencies of all the plasmids, i.e., the no damage, the single lesion and the cluster containing plasmids, are similar ( Figure 6C ). Figure 6B shows that the mutation frequency aff ecting 8-oxoG and uracil are greatly increased in the cluster containing plasmids compared to the single-lesion controls.
Comparison of the mutation frequencies in E. coli of the three-lesion clusters with that of bi-stranded clusters of 8-oxoG lesions and AP sites (Malyarchuk et al. 2004 , Pearson et al. 2004 indicate that the three-lesion clusters AP site in relation to the bi-stranded 8-oxoG lesions. Repair of the AP site is least effi cient when the 8-oxoG and AP site are generally on the same DNA strand in the Ϫ 2 position (compared to when they are in the ϩ 2 position). One possibility is that during the repair of the SSB, resulting from the incision of the AP site, the polymerase is reading towards the tandem 8-oxoG lesion when the lesions are in the Ϫ 2 position, whereas when they are in the ϩ 2 position the polymerase is reading away from the tandem 8-oxoG lesion. For the AP.8-oxoG-2/8-oxoG ϩ 1 cluster there is little or no rejoining of the resulting SSB following incision of the AP site, even though nucleotides are incorporated in to the repair gap with similar effi ciencies as the control AP site. It is inferred therefore that repair is impaired at the ligation stage. In contrast with the AP.8-oxoG ϩ 2/8-oxoG ϩ 1 cluster, not only the activity of the polymerase is reduced compared to the control, but also the effi ciency of ligation (as seen by an accumulation of repair intermediates). Polymerase β activity is also reduced in the AP.8-oxoG ϩ 2/8-oxoG ϩ 3 cluster but ligation is unaffected. Th is is consistent with virtually no repair of an AP site if it is in the negative orientation to 8-oxoG in tandem (Cunniff e et al. 2007) or the reduced repair of an AP site when 8-oxoG is on the opposing DNA strand (Lomax et al. 2004b) . Consistent with other studies on the excision of an 8-oxoG lesion in a bi-stranded 8-oxoG cluster (David-Cordonnier et al. 2001a , 2001b , 2001c , excision within the three-lesion cluster of either of the 8-oxoG lesions is prevented by the presence of the AP site. Th ere is a contribution from the LP-BER pathway during the repair of the AP site in the clusters from the higher levels of the SSB ϩ 1 (Figures 5A, 5B ) when 
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Fpg null E. coli (Cunniff e et al. 2007 ). It was proposed that when the AP site in tandem to an 8-oxoG lesion is incised, the repair is so slow that the lesion containing strand is lost before repair could take place, thus removing the 8-oxoG also have an increased mutagenic potential compared to the component lesions ( Figure 6 ). In contrast, clusters containing a tandem AP site and 8-oxoG have lower mutation frequencies than that of an isolated 8-oxoG in MutY/ . Schematic representation of the repair of the three-lesion cluster in E. coli . Initially the AP site is cleaved (1) and then repaired (2). If replication (3) occurs before repair of the AP site then there is the potential for the SSB.8-oxoG containing strand to be lost or for mutations to arise from the single 8-oxoG containing strand (3). Following repair of the AP site the 8-oxoG lesions are repaired sequentially (4 -6). Again if repair is not completed by replication (7 and 8) there is potential for strand loss or mutation induction.
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Th e authors report no confl icts of interest. Th e authors alone are responsible for the content and writing of the paper. lesion before any mutagenic consequences (Cunniff e et al. 2007) . Consistent with this latter observation is the lower frequency of mutations aff ecting the DNA strand containing the tandem 8-oxoG and AP site than that seen on the DNA strand containing a single 8-oxoG.
Based on the fi ndings and the lack of DSB formation in the three-lesion clusters, a schematic representation of the processing of three-lesion clusters in E. coli is presented in Figure 7 . It is important to remember that the mutation frequencies were determined in a MutY / Fpg null background. Th e mutation frequency of both the single 8-oxoG lesion and the clusters is expected to be about 4 -8 times lower in a wildtype background (Pearson et al. 2004 , Shikazono et al. 2006 , Bellon et al. 2009 , Noguchi et al. 2012 . Th e uracil is rapidly converted into an AP site and the repair of the AP site or the resulting SSB from AP endonuclease activity is retarded due to the proximity of the neighboring 8-oxoG sites. As a consequence the SSB, resulting from incision of the AP site, could remain unrepaired at replication, leading to loss of the DNA strand carrying the uracil and 8-oxoG in tandem (Figure 7 , pathways 1 and 3), as seen previously (Cunniff e et al. 2007) . In this case, only the DNA strand with the single 8-oxoG lesion would be able to report for mutations (see Figure 7 , pathways 1 and 3), since this 8-oxoG lesion would still be present, as its repair would have been retarded due to the close proximity of the AP site (Figure 7 , pathways 1 and 3). Th at mutations on the DNA strand carrying the tandem lesions are formed (Table II) , suggests that if the AP site is repaired (or misrepaired, see Table II ) then the tandem 8-oxoG lesion has the potential to be mutagenic. Th e cluster would behave as a bistranded 8-oxoG cluster, as previously reported, and either 8-oxoG may report as a mutation (Figure 7 , pathways 2, 4, 5 and 7). Th e increased level of mutations seen with these three-lesion clusters, compared to the component lesions, and lack of DSB formation is consistent with predictions when compared with processing of three-lesion clusters containing two bi-stranded AP sites and a 8-oxoG site, when DSB are induced and few mutations seen relating to 8-oxoG (Eccles et al. 2010) .
In summary it has been shown that the repair of a threelesion cluster comprised of 8-oxoG lesions and an AP site is compromised in an in vitro BER assay and the delayed repair leads to an increased potential for mutations to be formed in a plasmid-based E. coli assay, compared to that of the component lesions present in isolation. Th e hierarchy of processing these three-lesion clusters are as would be predicted from the present knowledge obtained with clusters containing bi-stranded lesions. Since non-DSB clustered lesions are induced in yields 4 -8 times those of DSB (Gulston et al. 2002 , Sutherland et al. 2002 ) more complex clustered damage sites may contribute to the detrimental eff ects of ionizing radiation, particularly mutation induction and ultimately tumourigenesis.
